Abstract. Regulatory T cells (Tregs) contribute to the pathogenesis of chronic hepatitis B (CHB). Special AT-rich sequence-binding protein 1 (SATB1) may be a key component of this process. In the present study, Tregs and conventional T cells (Tconvs) were isolated by magnetic cell sorting of peripheral blood from CHB patients (n=57), individuals with resolved hepatitis B virus (HBV) infections (n=15), and healthy controls (n=29). SATB1 expression was studied by reverse transcription-quantitative PCR, flow cytometry and immunofluorescence microscopy, and the correlation of SATB1 expression to the expression of liver inflammation serum markers and the HBV DNA load was assessed. CHB patients showed significantly reduced SATB1 expression in Tregs than healthy controls and individuals with resolved HBV infections. Moreover, SATB1 expression in Tregs was significantly lower than in Tconvs of patients with chronic HBV infection. Serum HBV DNA and liver inflammation markers were inversely correlated to the SATB1 mRNA level in Tregs. Antiviral treatment was accompanied by increased expression of the SATB1 gene in Tregs. Thus, Tregs from CHB patients have reduced levels of SATB1, which is resolved with antiviral therapy. Inhibition of SATB1 expression may impair the hepatic inflammatory response and contribute to HBV persistence.
Introduction
Hepatitis B virus (HBV) remains an important threat to human health worldwide. Moreover, HBV infections have been shown to be the causative agent of the majority of cases of chronic liver disease, liver cirrhosis, and hepatocellular carcinoma (1, 2) . Cellular immune responses play an important role in virus clearance, and impairment of cellular or molecular immune components supports disease persistence and progression. Weak T cell reactivity to HBV antigens is believed to be the dominant cause of chronic HBV infection (3, 4) . However, the mechanisms that are responsible for the impairment of the HBV-specific T cell response during chronic hepatitis B (CHB) remain unclear.
Regulatory T cells (Tregs) can suppress HBV-specific cytotoxic T lymphocyte (CTL) proliferation and cytokine secretion (5) (6) (7) (8) . CHB patients are characterized by an increased percentage of Tregs in the peripheral blood, which has been shown to significantly correlate to the serum viral load (5, 7) . Based on these findings, it has been hypothesized that Tregs may contribute to an inadequate immune response against the virus, leading to chronic infection. However, much remains to be understood on their antigen specificities and the cellular and molecular pathways involved in their development and mechanisms of action.
Recent studies have identified the special AT-rich sequence-binding protein 1 (SATB1), which is a nuclear matrix attachment DNA-binding transcription factor, as an essential mediator of Treg functionality through its chromatin remodeling activity (9) . SATB1 acts as a genome organizer and gene expression regulator (10) (11) (12) . It has been suggested that the SATB1-mediated inhibition of global chromatin remodeling is necessary for the suppressive activity of Tregs (9) .
This study was designed to investigate whether SATB1 contributes to the inadequate immune response that underlies chronic HBV infection. The hypothesis we aimed to test was that CHB patients show reduced SATB1 expression in peripheral blood CD4 + CD25 + Tregs compared to healthy individuals, including those with no history of HBV infection or those who have resolved a previous HBV infection. Our findings showed that SATB1 expression is inhibited in the Tregs of CHB patients but is restored, at least partially, upon antiviral therapy. Zhejiang University School of Medicine. CHB diagnosis was performed according to the Chinese consensus criteria (13) . Patients were excluded from enrollment if they had previously received antivirus therapy or were currently infected with human immunodeficiency virus or hepatitis A, C, or D virus. A third group of 29 healthy individuals, matched to the HBV groups by age and gender, were recruited as controls. The clinical characteristics of all the study subjects are presented in Table Ⅰ . In addition, 10 CHB-naive patients were recruited for a longitudinal investigation of the effects of pegylated interferon (Peg-IFN)-α2b therapy. Following treatment, patients underwent routine clinical and laboratory (blood) assessments every 12 weeks for one year. The clinical characteristics of the 10 subjects are presented in Table Ⅱ . All these patients responded to monotherapy, and serum HBV DNA levels were markedly reduced by week 52 of treatment.
Materials and methods

Study
All study participants provided written informed consent. The study protocol was pre-approved by the Ethics Review Committee of the First Affiliated Hospital of the Zhejiang University School of Medicine. (6, 14) . -Tconvs were first fixed with cold 4% formaldehyde for 30 min at room temperature. After washing with phosphate-buffered saline (PBS), the cells were permeabilized with 0.5% Triton-X 100 for 15 min at room temperature and then incubated in 5% fetal bovine serum for 2 h at 37˚C to block non-specific binding sites. Then, overnight incubation was performed at 4˚C with the primary antibody (purified rabbit anti-human SATB1 antibody or isotype; R&D Systems, Minneapolis, MN, USA). After two washes with PBS, the Alexa Fluor 488-goat anti-rabbit IgG secondary antibody was added, and the cells were incubated for 60 min at room temperature. After a final PBS wash, the cells were stained with propidium iodide (PI; BD Biosciences), and fluorescence was examined and recorded using a Leica DMI 4000 microscope equipped with a charge-coupled device camera (Leica Microsystems, Wetzlar, Germany).
Isolation of peripheral blood mononuclear cells (PBMCs
RNA isolation, cDNA synthesis, and reverse transcription-quantitative (RT-qPCR) .
Total RNA was isolated from MACS-sorted Tconvs and Tregs (2x10 6 cells/ml in 100 µl) with the TRIzol reagent (Invitrogen Life Technologies, Carlsbad, CA, USA), according to the manufacturer's instructions in the reagent kit. Reverse transcription was performed using the ReverTra Ace ® qPCR RT kit (Toyobo, Osaka, Japan). The SATB1 mRNA levels were then assessed by qPCR using the Applied Biosystems ® Power SYBR ® Green PCR Master mix (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer's instructions in the reagent kit. The following TaqMan primers were used for amplification of SATB1: sense, 5'-ATCACCATGGCGACAGGCCG-3' and antisense, 5'-TGGCCGGGTCTTCTGTCGGT-3'. β-actin was also amplified as the internal control and was used for normalization. The thermal cycling conditions included 40 cycles of amplification with TaqMan probes on an ABI Prism 7900 Sequence Detection system (Thermo Fisher Scientific). Expression was quantified by the comparative cycle threshold (Ct) method.
Serological liver function assessment and HBV DNA detection. The levels of the routine liver function markers alanine aminotransferase (ALT), aspartate aminotransferase (AST) and total bilirubin (TBiL) (normal range: 5-50 IU/l, 8-40 IU/l and 0-22 µmol/l, respectively) were measured using a 7600 Automated Clinical Analyzer (Hitachi Co., Tokyo, Japan).
The serum HBV DNA load of the individuals was quantified using the COBAS Amplicor HBV Monitor assay (Roche Diagnostics, Branchburg, NJ, USA), with a detection limit of 300 viral genome copies/ml.
Statistical analysis.
Statistical analyses were performed with the GraphPad Prism software (GraphPad Software, Inc., La Jolla, CA, USA). Continuous data were expressed as mean ± standard error of the mean (SEM) and were compared using a Chi-square test, an unpaired t-test or a one-way analysis of variance (ANOVA). Correlation analysis of the detection indicators was performed using the Spearman's nonparametric correlation test. P<0.05 was considered to indicate statistically significant differences.
Results
Lower SATB1 expression in Tregs of patients with chronic HBV infection.
To assess SATB1 expression in Tregs during chronic HBV infection, the mRNA level of SATB1 was quantified with RT-qPCR in Tregs of CHB patients, healthy controls, and individuals with resolved HBV infection (Fig. 1A) . Results showed that CHB patients have a significantly lower SATB1 mRNA level compared to healthy controls (0.06±0.02 vs. 0.38±0.11, P=0.011) and to individuals who had a resolved HBV infection (0.06±0.02 vs. 0.25±0.08, P=0.012); however, the SATB1 mRNA levels were not significantly different between healthy controls and individuals with a resolved HBV infection. Similar variations in 
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the SATB1 protein expression were also observed in Tregs from CHB patients, healthy controls and individuals with resolved HBV infection (Fig. 1B) .
CHB patients show reduced SATB1 expression in Tregs compared to Tconvs.
To assess the distribution of SATB1 in the different types of T cells, the mRNA and protein expression of SATB1 was compared between isolated Tregs and Tconvs from CHB patients, healthy controls, and individuals with resolved HBV infection ( Fig. 2A) . In CHB patients, Tregs (CD4 + CD25 + ) showed significantly lower SATB1 mRNA expression than Tconvs (CD4 + CD25 -) (0.06±0.02 vs. 0.28±0.09; P=0.019). A similar trend was observed when the SATB1 protein expression levels were analyzed ( Fig. 2B and C) . By contrast, the healthy controls and the individuals with a resolved HBV infection showed no significant differences in SATB1 mRNA expression between Tregs and Tconvs (0.38±0.11 vs. 0.33±0.16, P=0.528; 0.25±0.08 vs. 0.27±0.10, P=0.839, respectively) ( Fig. 2A) .
Effects of Peg-IFN-α2b-suppressed CHB on SATB1 mRNA expression in Tregs.
To investigate the expression of SATB1 mRNA in Tregs at various phases of antiviral therapy aiming to control chronic HBV infection, 10 CHB patients were studied over a 52-week course of successful monotherapy with Peg-IFN-α2b. The relative expression of SATB1 gradually and steadily increased in Tregs over the course of antiviral treatment and showed a significant difference between baseline and week 52 (Fig. 3, Table Ⅱ ). The results indicated that SATB1 expression is increased in Tregs and may play a role in the antiviral-induced suppression of chronic HBV infection.
Correlation of SATB1 mRNA expression to serum biochemical parameters and HBV DNA load. Since CHB patients showed reduced SATB1 expression in their CD4 + CD25
+ Tregs compared to healthy controls, we investigated the potential association of SATB1 expression in Tregs with the viral load and liver inflammation markers. A significant negative correlation was observed between SATB1 mRNA levels in Tregs and the serum levels of the HBV DNA (r=-0.561, P=0.002, n=33), of ALT (r=-0.396, P=0.039, n=33), and of AST (r=-0.519, P=0.043, n=33) (Fig. 4A-C) . However, no (Fig. 4D) .
Discussion
Tregs play a vital role in the suppression of virus-specific immune responses in chronic viral hepatitis (4) (5) (6) (7) (8) . CHB patients have a higher percentage of Tregs in the peripheral blood than individuals with no history of HBV infection and those with resolved HBV infection (5, 7) . Studies on CHB patients have shown that both the circulating and liver-resident Tregs are actively involved in the development of strong HBV-specific cytotoxic T lymphocyte (CTL) responses (8, 15) . In addition, the mechanisms responsible for the ability of Tregs to suppress the function of other immune effector cells, thereby quelling the immune response, have been elucidated (16) . In the present study, we observed that the Tregs of patients with chronic HBV infection express a lower level of SATB1 than those in healthy individuals (either with no history of or with resolved HBV infection). We hypothesize that the reduced SATB1 expression level in Tregs may contribute to the failure of virus-specific T cell responses in chronically infected patients.
SATB1 was only recently recognized as a critical mediator of T cell functional plasticity. Specifically, its role in Tconv (CD4 + CD25 -)/Treg(CD4 + CD25 + ) conversion can affect the important immunosuppressive function of Tregs (9), impairing systemic clearance of viral pathogens. In the current study, CHB patients were shown to have a significantly lower level of SATB1 mRNA in their Tregs than in their Tconvs, and this pattern was distinctive from that seen in healthy individuals (with either no history of or resolved HBV infection). Moreover, the SATB1 mRNA levels in the CD4 + CD25 + Tregs of CHB patients negatively correlated to the expression of hepatic inflammation markers and the HBV DNA load. Additional studies are needed to investigate whether SATB1 expression can act as a marker of the hepatic inflammation status in CHB patients, or even as a marker of the antiviral treatment response. SATB1 is a matrix attachment region-binding transcription factor that is expressed predominantly in T cells and plays crucial roles in T cell development and activation (10) . In fact, inhibition of the expression of SATB1 in Tregs was shown to be required for their immunosuppressive function (9) . Previous studies on SATB1 have mainly focused on its roles in thymocyte maturation and on T and B cell development (11, 12, 17) . This foundational knowledge has enabled the more recent research interest in the potential correlation of SATB1 with disease pathogenesis; in particular, a number of studies have assessed the role of SATB1 in the development and progression of solid tumors of the breast, stomach, rectum, and liver (18) (19) (20) (21) (22) (23) . To our knowledge, the research presented herein represents the first clinical study of SATB1 expression related to chronic inflammation of the liver (chronic hepatitis) caused by HBV. The results show that SATB1 may relate to chronic HBV infection.
It is well established that Tregs can influence the antiviral immune response and disease progression in CHB patients. Antiviral treatment is known to induce a rapid drop in HBV DNA levels, which is accompanied by a marked decrease in the frequency of Tregs and the expression of Treg-derived cytokines (5, 7, 24) . In the current study, the levels of serum HBV DNA were found to negatively correlate to SATB1 mRNA expression in Tregs of CHB patients. Moreover, a quantitative reduction in viral replication occurred concomitantly withthe increase in SATB1 expression in Tregs during monotherapy. It is possible that SATB1 might affect the fate of differentiating T cells and may play a role in the Tregmediated modulation of the immune response in chronic 
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HBV infection. This study provided novel insights into the role of SATB1 in chronic HBV infection and highlighted the need for future investigations aiming to determine whether SATB1 may represent a target of new therapeutic strategies for the control of viral hepatitis.
In conclusion, patients with chronic HBV infection show reduced expression of SATB1 gene in their peripheral blood Tregs compared to healthy individuals (with either no history of or resolved HBV infection). The reduced expression of SATB1 in Tregs may affect the ability of these cells to modulate immune responses to viral antigens in chronic HBV hepatitis, which could contribute to persistent HBV infection.
